
J .  Enzjmr Inhibition, 1988, Vol. 2, pp. 153-161 
Reprints available directly from the publisher 
Photocopying permitted by license only 

i%, 1988 Hdrwood Academic Publishers GmbH 
Printed in Great Britain 

THE INTERACTION OF MONOFLUOROFUMARATE 
WITH ADENYLOSUCCINATE LYASE 

SUNG CHUN KIM and FRANK M. RAUSHELS 

Departments of Chemistry and Biochemistry & Biophysics, Texas A&M University, 
College Station, Texas 77843, USA 

(Received 18 September, 1987) 

Monofluorofumarate was tested as an alternate substrate and inhibitor for adenylosuccinate lyase. Mono- 
fluorofumarate was found to be a slow reacting substrate when either AMP or AICAR (5-aminoimidazole 
4-carboxamide ribonucleotide) were used as substrate acceptor molecules at pH 7.5. There was no 
indication that monofluorofumarate could induce the inactivation of adenylosuccinate lyase. The initial 
reaction product when monofluorofumarate was incubated with AMP in the presence of adenylosuccinate 
lyase has been determined to be 2-fluoro-adenylosuccinate. This molecule lost HF spontaneously, and the 
subsequent intermediate was rapidly hydrolyzed to oxalacetate and AMP. A similar reaction scheme was 
also observed when AICAR was utilized as a cosubstrate with monofluorofumarate. The initial reaction 
rate when 1 .OmM monofluorofumarate and 1.0mM AMP were used as substrates with adenylosuccinate 
lyase was only 1.4% of the rate when I.OmM fumarate was used. AICAR (I.OmM) was found to react 
with monofluorofumarate at 8.9% of the rate that it reacts with fumarate. 

KEY WORDS: Adenylosuccinate lyase, monofluorofumarate 

INTRODUCTION 

Adenylosuccinate lyase catalyzes the following two reactions during the biosynthesis 
of AMP: 

H H  

- 0 , + t -  y 1  

. .  
HO OH 

aden ylosuccinate AMP fumarate 

$ Correspondence to this author at the Department of Chemistry. 
Abbreviations: AICAR 5-aminoimidazole 4-carboxamide ribonucleotide; SAICAR, 4-(N-succino)-5- 

aminoimidazole-4-carboxamide ribonucleotide. 

153 

Jo
ur

na
l o

f 
E

nz
ym

e 
In

hi
bi

tio
n 

an
d 

M
ed

ic
in

al
 C

he
m

is
tr

y 
D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
H

IN
A

R
I 

on
 1

2/
14

/1
1

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



S C KIM .4ND F M R.4USHEL 

H H  -,+t-- 
. .  

coo- 

0 

HO OH 

HO OH 

SAICAR AICAR fumarate 

Both of these reactions involve the r,B-elimination of a nitrogen nucleophile from a 
substituted aspartate precursor. The reactions are freely reversible. Porter et al. have 
s h m n  that the nitro analog of adenylosuccinate, Nh-(L-I-carboxy-2-nitroethy1)- 
AMP, is a potent inhibitor of adenylosuccinate lyase. These studies strongly suggest 
that a carbanion is an intermediate in these reactions.' 

Casey rr (11. have enzymatically synthesized rhreo-3-fluoro-adenylosuccinate and 
threo-3-fluoro-SAICAR and tested these compounds as inhibitors for the reactions 
catalyzed by adenylosuccinate lyase. In 20 mM Hepes buffer. pH 7.4, the K, values for 
th,c.o-3-fluoro-SAICA R and threo-3-fluoro-adenylosuccinate were found to be 0.03 
'ind 0.01 5 p M .  respectively, for the competitive inhibition of the conversion of adeny- 
losuccinate to AMP and fumarate. 

Monofluorofumarate is an attractive analog for fumarate in enzymatic reactions.',4 
For example. monofluorofumarate is hydrated by fumarase 4 times faster than is 
fumarate:' The addition of water occurs almost exclusively at the fluorinated carbon 
i o  form 2-fluoro-malate (equation 3). HF is spontaneously lost and oxalacetate is 
ulrimately formed.".' These results are also consistent with a carbonionic reaction 
in lerniedia te.' 

FUMARASE "OY' FTcmi H,O H H 
-mi"\, I 

coo- 
l 
COO- 

Monofluorofumarate has also been utilized as a substrate in the reaction catalyzed 
by argininosuccinate lyase.' This enzyme catalyzes the reversible cleavage of argini- 
nosuccinate to arginine and fumarate (equation 4). 

When monofluorofumarate is used as a substrate analog for fumarate the guanidino 
nitrogen of arginine adds to the carbon bonded directly to the fluorine. The subse- 
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ADENYLOSUCCINATE LYASE I55 

quent loss of H F  results in the formation of a good Michael-type acceptor, which is 
then attacked by a nucleophile in the vicinity of the active site. The covalent-enzyme 
adduct is completely inactive. The rate of inactivation at  saturating monofluorofu- 
marate is 13 min-’. However, the enzyme-inhibitor complex is reversible since full 
activity of argininosuccinate lyase could be recovered by removal of excess reagent. 
These reactions are summarized in Scheme I. 

+ 

H 

coo- coo- 

Enz-Nu: 
coo- 

coo- 

SCHEME I 

Since the chemical and reaction mechanisms of adenylosuccinate lyase and argini- 
nosuccinate lyase are so similar, it was felt that monofluorofumarate would have a 
high probability for being a potent inactivator or inhibitor of the reaction catalyzed 
by adenylosuccinate lyase. In this paper, the reaction pathway for the reaction of 
monofluorofumarate with adenylosuccinate lyase has been established using NMR, 
HPLC, and UV absorption spectroscopy. The analog was found to be a substrate, but 
did not inhibit nor inactivate the enzymatic reaction in a manner similar to the 
previously obtained results with argininosuccinate lyase. The product of the reaction 
and possible reaction pathways are discussed. 

MATERIALS AND METHODS 

Adenylosuccinate lyase, AMP, AICAR, NADH, lactate dehydrogenase and malate 
dehydrogenase were purchased from Sigma Chemical Co. Monofluorofumarate was 
synthesized according to the procedure of Raasch et al.’ starting from 1,1,2-trichloro- 
2,3,3-trifluorocyclobutane (PCP Research Chemicals). Proton NMR spectra were 
obtained with a Varian XL-200 spectrophotometer operating at a frequency of 200 
MHz. Typical acquisition parameters were 2900 Hz sweep width, 5.64 s acquisition 
time, and 5.8 psec pulse width. I9F NMR spectra were obtained with a Varian XL-400 
spectrophotometer operating at a frequency of 376 MHz. Typical acquisition par- 
ameters were 50000 Hz sweep width, 0.6 s acquisition time, 4 s delay time, and 5 psec 
pulse width. Enzymatic assays for product and absorption spectra were measured 
with a Gilford 2600 UV-vis spectrophotometer and a Hewlett-Packard 7225A plotter. 

Monojhorofurnarate and AMP 
The time course for the change of the absorption spectrum upon incubation of AMP, 
fluorofumarate and adenylosuccinate lyase was measured between 230 nm and 
330 nm. Monofluorofumarate (l.OmM), 0.5 mM AMP, and l00mM Hepes buffer 
(pH 7.5) were incubated in a microcuvette with a 2mm path length. The reaction was 
initiated by adding 1.5 units of enzyme. The proton and fluorine NMR spectra of the 
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reaction products were obtained by incubating a 10 mL solution of 50mM phosphate 
buffer (pH 7.0). 5.0mM AMP, lOmM monofluorofumarate. and 30 units of adeny- 
losuccinate lyase. After 48 hours the reaction was quenched by passage through an 
Amicon PM30 ultrafiltration membrane. After removal of all the H,O by rotary 
evaporation, the products were dissolved in DzO. This procedure was repeated. The 
proton and "F NMR spectra were then obtained. 

The time course for the formation of intermediates and reaction products was 
obtained by incubating a l00mL solution of 50mM phosphate buffer (pH 7.0), 
I0 mM AMP, 10 mM monofluorofumarate, and 30 units of adenylosuccinate lyase at 
25 C .  Aliquots were removed after 4, 12, 26, 49, and 72 hours and the reaction was 
quenched by passage through an Amicon PM30 ultrafiltration membrane. Proton 
N M R  spectra were taken in D 2 0  as described above. The concentrations of mono- 
fluorofumarate and the reaction intermediate were determined by comparison of the 
peak integrations. The concentration of oxalacetate and pyruvate were measured 
enzymatically. For the oxalacetate assay, 0.06 mL aliquots were removed at various 
times and mixed with l00mM Hepes buffer (pH 7.5) and 0.2mM NADH in a final 
volume of 3 mL. Malate dehydrogenase (0.1 units) was added and the change in the 
concentration of NADH was measured at 340 nm. For the pyruvate assay, 0.1 units 
of lactate dehydrogenase was utilized instead of malate dehydrogenase. The absor- 
bance changes for the formation of the intermediate were followed at 308 nm. 

260 280 300 320 

Wavelength 

FIGURE I UV absorption spectra for the products and substrates before and after the incubation of 
ddcnylosuccinate lyase with AMP and fluorofumarate. (A) Before the addition of enzyme. (B) 24 hours 
after the addition of enzyme. Additional details are given in the text. 
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ADENYLOSUCCINATE LYASE 157 

MonoJiuorofumarate and AICAR 

The changes in the absorption spectrum upon incubation of fluorofumarate, AICAR 
and adenylosuccinate were measured between 230 nm and 330 nm. Monofluorofu- 
marate (I.OmM), 0.5mM AICAR, and l00mM Hepes buffer (pH 7.5) were in- 
cubated in a microcuvette with a 2 mm path length and the reaction was initiated by 
adding 0.5 units of enzyme. 

The time course for the formation of products and intermediates was obtained by 
incubating 30mL of 50mM phosphate buffer (pH 7.0), 5.0mM AICAR, 5.0mM 
monofluorofumarate, and 15 units of adenylosuccinate lyase at  25°C. The change in 
the concentration of oxalacetate and pyruvate and the absorbance change at 306 nm 
were measured as described above. The concentration of monofluorofumarate and 
the intermediate was also analyzed by proton NMR spectroscopy in D,O. The I9F 
NMR spectrum was obtained 48 hours after the initiation of the reaction. 

Relative Velocities 

The relative rates for the reaction catalyzed by adenylosuccinate lyase with either 
fumarate or fluorofumarate were obtained under identical conditions. Each reaction 
solution contained l00mM Hepes buffer (pH 7.9,  1.0mM fumarate or monofluoro- 
fumarate, and 1 .O mM AMP or AICAR in 3 mL solution. Reactions were started by 
the addition of 0.01 units of enzyme when fumarate was a substrate. The rate of 
formation of adenylosuccinate, SAICAR, and the intermediate from monofluoro- 
fumarate and AICAR were detected by separation of the reaction products with 
HPLC. Aliquots were loaded onto a Whatman SAX anion exchange column and 
eluted with 0.25M KH,PO, elution buffer at  l.OmL/min. Formation of the inter- 
mediate from monofluorofumarate and AMP was monitored spectrophotometrically 
at 308 nm. 

RESULTS AND DISCUSSION 

Reaction of Monofluorojiumarate with AMP 
The time course for the reaction between monofluorofumarate and AMP as catalyzed 
by adenylosuccinate lyase was monitored by NMR and UV spectroscopy. The UV 
spectrum of adenylosuccinate has an absorbance maximum at 267 nm at pH 7.5. The 
standard assays for enzymatic activity of adenylosuccinate lyase are usually mon- 
itored at 280 nm where the maximum difference in the extinction coefficient between 
adenylosuccinate and AMP occurs.' The difference in the molar extinction coefficient 
is 10,700. When adenylosuccinate lyase is added to a solution of AMP and monofluor- 
ofumarate, the absorbance maximum at 259nm does not change as the reaction 
proceeds but a new absorbance maximum at 308nm appears with time (Figure 1). 

The change in the chemical environment of the fluorine atom in monofluorfu- 
marate was monitored with I9F NMR. The I9F NMR spectrum of monofluorofu- 
marate consists of a single doublet 3J,, = 35 Hz) at 116ppm upfield from CFC13.4 
After incubating monofluorofumarate, excess AMP and adenylosuccinate lyase for 48 
hours the doublet for monofluorofumarate disappears and is replaced by a singlet at 
125ppm. The new singlet has the same chemical shift as F- .  

The product of the reaction was also analyzed by 'H  NMR spectroscopy at 
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200 MHz. As the reaction progressed very little change was noted for the protons on 
carbons ?', 3'. 4'. and 5' of the ribose ring. Small shifts were observed for the anomeric 
hydrogen and the two hydrogens at C-2 and C-8 of the adenine ring. A new resonance 
of an intermediate appeared at 5.42 ppm. 

The formation of oxalacetate and pyruvate with time was measured enzymatically 
with malate dehydrogenase and lactate dehydrogenase respectively. After 48 hours of 
incubation with adenylosuccinate lyase and AMP a significant fraction of the fluor- 
ofumarate was converted to pyruvate and oxalacetate. Shown in Figure 2 is the time 
course for the condensation of fluorofumarate and AMP as catalyzed by adenylosuc- 
cinate lyase. Plotted in this figure are the disappearance of fluorofumarate, the 
formation of the intermediate. oxalacetate, pyruvate, and the change in absorbance 
at 308 nm. 

The proposed scheme for the reaction of monofluorofumarate and AMP as cat- 
alyzed by adenylosuccinate lyase is shown in Scheme 11. The amino group attached 

HO O H  

-0oc F)[ ;-+ 

- HF 

YOO' 

c= 0 
I 
C H 2  

COO' 

+ 

ENZYME 
c 

cr H ,o 
H $o 

-00 c - c- c-- c 

t 

0- H /  
-0oc-c-c-c' Hydrolysis 

II H k0 
c N H  

SCHEME I 1  

t o  C-1 of the adenine moiety adds to the carbon of fluorofumarate that is bonded 
directly to the fluorine and thus forms 2-fluoro-adenylosuccinate. This unstable 
molecule rapidly loses HF to form an unsaturated intermediate (I). Hydrolysis of the 
intermediate reforms the AMP and produces oxalacetate. The appearance of pyruvate 
results either from the nonenzymatic decarboxylation of oxalacetate or the decar- 
boxylation of the intermediate prior to hydrolysis. 

The initial formation of 2-fluoro-adenylosuccinate is supported by the observation 
that the F -  is lost as the reaction proceeds. If the condensation reaction had resulted 
in  the formation of 3-fluoro-adenylosuccinate the fluorine would not have been labile. 
Moreover. the 3-fluoro analogs of adenylosuccinate synthesized by Casey et al. do not 
lose F in the presence of adenylosuccinate lyase and are not substrates.' After F ~ is 
lost a Schiffs base is formed that is susceptible to either hydrolysis or decarboxyla- 
tion. Since a lag is observed in the formation of pyruvate it is assumed that the 
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159 

B . .. . .. . . . . . .. . . . 

10 20 30 40 50 

T 1 m e  (hours) 

FIGURE 4 Time course for the reaction between AMP and flnorofumarate as catalyzed by argininosuc- 
cinate lyase. (A) Fluorofumarale. (B) Intermediate. (C) Oxalacetate (D) Pyruvate. Additional details are 
given in the text. 

pathway where hydrolysis precedes carboxylation is predominant. An alternative 
mechanism can also be postulated. In this mechanism the appearance of the absor- 
bance maximum at 308 nm is due to the formation of an eneamine (11) intermediate. 
This eneamine could be formed either by the tautomerization of the intermediate 
imine (I) or by the direct loss of fluoride and a proton from C-3 of 2-fluoro-adeny- 
losuccinate. In the related reaction catalyzed by argininosuccinate lyase the most 
stable product is a conjugated eneamine (111) of similar ~ t ruc ture .~  This compound has 
an absorbance maximum at 299 nm. 

H 
I 

-mc- c= c- coo - 
I 
NH 

? 
0 

H 
I 

’OOC-c=c-coo- 
I 

HO OH 
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1 oc 

au 

iJ 
20 

I I I I I 

FlGURE 3 Time course for the reaction between AICAR and fluorofumarate as  catalyzed by argini- 
nosuccinate Iyase. (A) Fluorofumarate. (B) Intermediate. (C) Oxalacetate (D) Pyruvate. Additional details 
arc given in the text. 

Kcacrion of Monofluorofumarate with A ICAR 

A similar reaction mechanism is observed when fluorofumarate and AICAR are 
incubated with adenylosuccinate. Fluoride ion is produced quantitatively and a new 
absorbance maximum is observed at 306 nm. The time courses for these changes are 
summarized in Figure 3. A mechanism related to that shown in Scheme I1 can also 
be written for reaction of AICAR with fluorofumarate. This proposal is supported by 
the formation of F - ,  oxalacetate, pyruvate and the absorbance maximum at 306 nm. 

Relative Rares 

The relative rates for the condensation of fumarate and fluorofumarate with ATP and 
AICAR were determined by HPLC and UV spectroscopy. At a concentration of 
1.0mM for all substrates i t  was observed that fumarate reacts 2.9 times faster with 
AICAR than with AMP. When fluorofumarate is utilized as a substrate analog the 
relative rate is 1.4 and 25% of the base rate with AMP and AICAR, respectively. 

Incrctivation of Adenj310succinnte Ljme 

h e  could obtain no evidence to indicate that fluorofumarate could induce the 
inactivation of adenylosuccinate lyase. This observation is in contrast to the very 
rapid rate of inactivation observed previously with argininosuccinate l y a ~ e . ~  The 
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ADENYLOSUCCINATE LYASE 161 

reason for this difference is not clear. However, this result could suggest that the 
postulated enzyme-nucleophile is not in the proper orientation to react rapidly 
enough with the putative intermediate. Alternatively, it could be argued that the 
Michael-type intermediates formed after the loss of F- are not as chemically reactive 
as the one formed with argininosuccinate lyase. 
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